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Objectives. Magnetic resonance velocity mapping was used to 
investigate the hypothesis of a vortex motion within the left 
ventricle interacting with mitral valve motion and inflow velocity. 
Background. In vitro flow visualization studies have suggested 
the presence of a large anterior vortex inside the left ventricle 
during mitral inflow. However, to our knowledge the occurrence of 
this phenomenon has not been demonstrated in the human left 
ventricle. 
Methods. Magnetic resonance velocity mapping was performed 
in 26 healthy volunteers using a flow-adjusted gradient sequence 
for three-dimensional flow velocity acquisition in the long-axis 
plane of the left ventricle. By computer processing, the flow 
vectors in the left ventricle were visualized and animated dynam- 
ically. 
Results. The early diastolic mitral inflow was apically directed, 
and a large counterclockwise anterior vortex was created ~Rhin 
the left ventricle shortly after the onset of the mid-diastolic 
semiclosure of the anterior mitral leaflet. During mid-diastolic 
diastasis, mitral inflow ceased until the flow accelerated again at 
atrial systole. The final closure of the mitral valve was preceded by 
a smaller vortex seen at the tips of the mitral leaflets. At systolic 
ejection, all flow vectors were directed toward the left ventricular 
outflow tract. The anterior vortex had a radius of 1.62 -+ 0.24 em 
(mean -+ SD), and the average angular velocity (i.e., the rotation 
of an element about the center of the vortex within the central 
core) was 30.08 -+ 9.98 radians/s. The maximal kinetic energy of 
the anterior vortex was 4.3 x 10 -4 _+ 7.1 x 10 -s J. 
Conclusions. The hypothesis of a diastolic vortex formation in 
the human left ventricle was confirmed, and its close temporal 
relation to the motion of the anterior mitral leaflet was demon- 
strated. 
(J Am Coil Cardiol 1995;26:224-38) 
An intriguing aspect of the left ventricular flow field is the 
hypothesized occurrence of diastolic vortices within the left 
ventricular chamber. This has been recognized by several 
investigators using flow visualization techniques in models of 
the human heart (1-4). Those studies and our own observa- 
tions using color Doppler mapping in pig models (5) stimu- 
lated our interest in clarifying whether the hypothesis of a 
vortex in the human left ventricle could be verified and 
described quantitatively. A vortex can be described as a fluid 
structure that possesses circular or swirling motion. Thus, 
direct measurement of vortices requires a measurement tech- 
nique that provides three-dimensional flow information. It is of 
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physiologic interest to investigate the ventricular vortices be- 
cause they have been ascribed a beneficial role in terms of 
energy preservation and have been suggested to influence 
mitral valve motion. Also, the increasing interest in routine 
clinical practice in noninvasive assessment of left ventricular 
diastolic function by Doppler echocardiography (6)has neces- 
sitated a further understanding of the normal blood flow 
patterns. 
Color-coded velocity information from the left ventricle can 
be obtained with the conventional color Doppler velocity- 
mapping technique (7). However, this method presently pro- 
vides only one-dimensional velocity information, whereas the 
flow field in the left ventricle has a three-dimensional ture. 
Therefore, we used three-dimensional ve ocity encoding by 
magnetic resonance velocity mapping to investigate the hy- 
pothesis of vortex formation in the human left ventricle. 
Magnetic resonance is a non-invasive t chnique that has a 
unique potential for combining high quality tomographic im- 
aging of the cardiovascular system and quantification of blood 
velocity within any plane of the body (8). The magnetic 
resonance velocity-mapping technique is currently the most 
promising technique capable of noninvasive three-dimensional 
measurement of blood flow with a good spatial resolution and 
reasonable temporal resolution (9-11). This technique is 
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Figure 1. a, Standard coronal spin-echo 
scan from volunteer showing the single 
angulation i  the sagittal plane that in- 
tersects he aortic valve and apex of the 
heart, b, The long-axis plane of the left 
ventricle showing the aorta (AO), left 
atrium (LA), left ventricle (LV), mitral 
valve (Mi) and right ventricle (RV). 
based on the detection of the acquired phase shift of proton 
spins moving along a magnetic field gradient. Applying bipolar 
gradients with equal magnitude and opposite directions can 
create a linear relation between the motion of proton spins 
along the gradient and the net phase shift in each voxel of the 
image. Consequently, temporally and spatially resolved flow 
maps can be reconstructed, on the basis of phase-shift mea- 
surements. 
The objectives of this study were to investigate the hypoth- 
esis of anterior vortex formation in the left ventricle during 
mitral inflow and to examine the relation among the vortex, the 
mitral inflow velocity, profile and mitral valve motion. 
Methods  
Patients. The study included 26 health}, volunteers (18 
men, 8 women; mean age 25.4 years, range 21 to 30). The study 
was approved by the regional ethical committee on human 
research, and individual written informed consent was ob- 
tained according to the Helsinki II declaration. The volunteers 
had no known cardiac or systemic diseases. 
Magnetic resonance velocity mapping. The magnetic reso- 
nance investigations were performed with a 1.5-tesla 15S 
Gyroscan HP Philips whole-body system. The subjects were 
examined in the supine position. 
A conventional spin echo sequence was used to image the 
heart from the coronal plane (Fig. 1, a). This was followed by 
a single angulation through the aortic valve and the apex of the 
heart o yield a long-axis view of the left ventricle. This plane 
lies at an angle between the two- and four-chamber planes and 
is comparable to the echocardiographic parasternal long-axis 
view (Fig. 1, b) (12). The long-axis plane of the left ventricle 
was chosen because it shows both the aortic outflow and mitral 
inflow, the left ventricle and the left atrium. In 14 of the 26 
normal subjects, it was also possible to image the right upper 
pulmonary vein from the long-axis view and extract velocity 
information concerning the pulmonary venous flow. 
The intracardiac flow velocity measurements were ob- 
tained using the standard flow-adjusted gradient sequence 
(Fig. 2) (13). The following settings were used for the flow 
measurements: in-plane resolution 3.125 mmx 3.125 mm 
(data acquisition matrix 128 x 128 points, 40-cm field of 
view), 45 o flip angle, 9.5-ms echo time, 7.1-ms acquisition 
time and 10-ram slice thickness. To avoid aliasing, the 
velocity sensitivity was set to produce a maximal phase shift 
at a velocity of + 1.25 m/s to + 1.67 m/s. Velocities outside 
the chosen velocity range (_+180 o ) were unwrapped manu- 
ally by adding or subtracting the value corresponding to a 
phase shift of 2rr. The few aliased velocities that occurred at 
the location of the left ventricular outflow tract were easily 
recognized from the time velocity curves, which showed an 
abrupt change from high positive values to negative values. 
Velocity encoding was performed along the slice-select, he 
read and the phase-encoding directions to produce three- 
dimensional velocity information from each voxel within the 
field of view. The velocity encoding was performed using 
four scan segments and two signal averages. Thus, during 
the first 2 x 128 excitations, velocity-compensated phase 
images and velocity-coded phase images were obtained in 
the slice select direction. During the next 2 x 128 excita- 
tions, the phase images representing the two in-plane veloc- 
ities were obtained. The time needed for the quantitative 
velocity acquisitions (using electrocardiographic [ECG] gat- 
ing to avoid motion artifacts) was 20 to 30 rain for each 
subject, depending on the heart rate. The temporal resolu- 
tion was 28 _+ 3.8 ms (mean + SD) with 25 to 32 frames/ 
cardiac ycle. 
Magnetic resonance data analysis. The accuracy of quan- 
titative flow measurement by the magnetic resonance phase 
technique depends on the suppression of artifacts. Thus, the 
velocity maps were corrected for possible linear phase errors 
resulting from eddy currents in the magnetic field. In addition, 
masking of random noise in the stationary tissue was done. 
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Figure 2. Timing schedule for the flow-adjustable gra- 
dicnt (G) sequence showing the velocity-encoding 
gradients along the slice-select, read and phase- 
encoding directions to produce three-dimensional ve- 
locity information from each voxel within the field of 
view. RF radiofrequency; TE - echo time. 
Both procedures were performed bv a scmiautomated software 
program, which is described in detail elsewhere (14). 
Correction of phase errors caused by eddy currents and 
magnetic field inhomogeneities was as follows. The time 
standard eviation of the phase images over a cardiac cycle was 
calculated. The static regions of the velocity maps were then 
identified as those in which the standard eviation was low. A 
flat surface representing an approximation to the background 
distortion was fitted by a linear fit to the static regions and 
subtracted from the phase velocity images to give corrccted 
phase images (Fig. 3a). 
The random phase values caused by background noise were 
removed by assigning zero phase to pixels in which the 
corresponding magnitude of the magnetic resonance signal was 
low, that is, below 3% to 5% of the maximal value occurring in 
the image. 
The signal-to-noise ratio for the velocity measurements was 
calculated from the modulus images as follows: 
n 
Si 
i 1 
Signal/noise = 10 log , [1] 
ii 
bi 2 
i 1 
where s~ -- amplitude of the signal within one voxel in the left 
ventricle; b~ = amplitude of the background noise from one 
voxel outside the body of the person; and n = 50 to 100 is the 
total number of voxels within the areas of interest. 
Magnetic resonance velocity parameters. The two in-plane 
velocities were presented as velocity vectors superimposed on 
the corresponding modulus image to show both the magnitude 
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Figure 3, a, Subtracted phase image of the left 
ventricular long-axis plane, b, Modulus image of the 
long-axis plane with the in-plane veloci~, vectors 
superimposed. The resultant in-plane velocity vector 
was calculated from the two in-plane velocity, com- 
ponents as illustrated schematically at bottom right. 
RPV = right upper pulmonary vein: other abbrevi- 
ations as in Figure 1. 
and direction of the blood flow (Fig. 3b). Furthermore, to 
make a dynamic presentation of the flow field within the left 
ventricle, the vector plots were animated by displaying the 
images in rapid succession on a computer screen using a 
graphic software program (Spyglass). 
To provide a detailed quantitative analysis of the flow field 
within the left ventricle, the three-dimensional velocity data 
from voxels corresponding to the diameters across the mitral 
and aortic valves were extracted manually throughout he 
cardiac cycle. The three-dimensional velocity data were then 
transformed to spherical coordinates (p, cb, 0), where p = the 
resultant velocity magnitude calculated from all three velocit 3, 
components; and q5 = the out-of-plane angle and 0 = the 
in-plane angle (both in degrees) of the velocity vectors across 
the aortic and mitral valves (Fig. 4). The use of spherical 
coordinates to define the three-dimensional velocity vectors 
enables a direct comparison between different subjects inas- 
much as both the in-plane and out-of-plane angles were 
defined with reference to the mitral and aortic annulus. The 
coordinate transformation was performed according to the 
following equations: 
p = (V, z + v,: + V,-~) ' , [2) 
O = - 90 ° + cos ~(V,/p). [3] 
0 90 ° + tan ~(VjVv), [4] 
where V× = the horizontal and Vy - the vertical in-plane 
velocity components respectively, and V, = the out-of-plane 
velocity component. The angles are all measured in degrees. 
Addition of -90 ° in equations 3 and 4 is done because the 
velocity vectors are defined with reference to a plane perpen- 
dicular to the mitral and aortic annulus. 
The following definitions for the in-plane and out-of-plane 
angles are used in the text (Fig. 4, d and e). The in-plane is 
defined as the long-axis plane of the left ventricle, and the 
out-of-plane isperpendicular to the long axis. Positive values of 
out-of-plane angles correspond to a deviation from the long- 
axis plane toward the lateral ventricular wall, and negative 
values of out-of-plane angles correspond to a deviation of the 
flow vector toward the septal wall. Positive values of in-plane 
angles across the mitral valve correspond to an anteriorly directed 
flow vector, and negative values of in-plane angles indicate that 
the velocity vector is posteriorly directed. Both of these angles 
are defined with reference to the mitral annulus. For the aortic 
valve, positive values of in-plane angles indicate that the 
velocity vector is directed toward the posterior aortic wall, and 
negative values of in-plane angles indicate vectors toward the 
septal vessel wall, both with reference to the aortic annulus. 
From the extracted three-dimensional blood velocity data 
across the diameter of the mitral and aortic valves, the 
following velocity parameters were tabulated: peak early and 
peak late diastolic (peak E velocity and peak A velocity, 
respectively) mitral blood velocity across the diameter of the 
mitral annulus and tips of the mitral leaflets and peak outflow 
velocity across the diameter at the level of the aortic annulus. 
Furthermore, to investigate the velocity distribution across the 
mitral and aortic valves, three-dimensional voxel velocities 
corresponding tothe anterior, center and posterior parts of the 
mitral valve and septal, center and posterior locations of the 
aortic annulus were manually extracted (Fig. 4b,c). This en- 
abled us to investigate the possible influence of the diastolic 
vortex on the mitral inflow profile and the influence of left 
ventricular outflow tract geometry on aortic outflow. The 
pulmonary venous blood velocity was also analyzed from the 
flow maps by calculating the three-dimensional velocities dur- 
ing the entire cardiac cycle including the peak systolic flow 
velocity, peak diastolic flow velocity and peak atrial reversed 
flow velocity. 
Anterior vortex. For a precise definition and quantification 
of vortices in this study, the following considerations were 
made. For simplicity we consider vortex motion only in the x-y 
plane, whereas the equations for the following calculations 
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(a) 
(b) (c) 
1 
Figure 4. a, Schematic illustration of the long-axis 
plane of the heart, b, lxmg-axis plane of the heart in 
systole showing the aortic valve enclosed by a square. 
The centers of origin for the spherical coordinates 
across the aortic valve are the posterior (P), center (C) 
and septal (S) parts of the aortic annulus, as indicated. 
c, Long-axis plane of the heart in diastole showing the 
mitral valve enclosed by a square. The centers of origin 
for the spherical coordinates across the mitral valve 
are the posterior (P), center (C) and anterior (A) 
locations, respectively, d and e, Schematic llustrations 
of spherical coordinates (p, +, O) at the aortic (d) and 
mitral annulus (e), where p (indicated by the dotted 
line) is the resultant velocity calculated from all three 
velocity components, and 4~ is the out-of-plane angle 
and 0 the in-plane angle of the velocity vectors across 
the aortic and mitral valves. 
(d) (e) 
were extended to the measured three-dimensional velocities 
(see Appendix). 
We defined vortex motion as a flow field for which the 
stream lines (a stream line is a line that is everywhere tangent 
to the velocity field) were concentric ircles inasmuch as the 
direction of the tangential velocity V~ should be positive, that 
is, counterclockwise and within the range of 45 ° to 135 ° (Fig. 
5a). By this definition it was possible to differentiate between 
vortex motion and strictly laminar flow because the tangential 
velocity V,~ will be larger than any underlying laminar velocity 
within this range. Thus, the angle a between the stream line 
and the radius vector R of the velocity vectors was calculated 
for a region of interest, which was selected manually off-line by 
displaying the velocity vector maps on the computer screen. 
The frame in which the anterior vortex was most developed 
was selected for this analysis, and this was in all cases during 
the deceleration 
calculated as follows: 
where 
and 
phase of the E wave. The angle o~ was 
]R] - (Rx 2 + Ry2) 1/2 [6] 
IV[ = (V~ 2 + Vy2) '/2, [7] 
where V x and Vy = the horizontal and vertical in-plane velocity 
components, respectively, and R X and Ry - the radii from the 
center to the stream line along the horizontal and vertical axes, 
respectively (Fig. 5b). 
RxV~ VxRy 
sin a = iP, iivI ' [s] 
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Figure 5. a, Schematic illustration of vortex motion, b, Definition of 
horizontal and vertical velociU (V) and radius (R) vectors for the area 
of interest. 
By plotting sin a as a function of the radius R, it was 
possible to determine the radius of the anterior vortex inas- 
much as the average sin a should be positive and >0.7 (i.e., 
1350 > a > 45 °) according to the previously stated definition of 
vortex motion. 
To describe the rotational characteristics of the vortex, the 
angular velocity ~o of an element about the center of the vortex 
was calculated and plotted as a function of the radius R: 
RxV,- RyV~ 
,o = ~Ri ~ 181 
Furthermore, the kinetic energy of the vortex within the 
selected long-axis plane of the left ventricle was calculated (at 
one frame, which was the same frame as chosen for the 
calculation of sin c~ and w) according to 
n 
Kinetic energy ~ 0.5 inV,:, [9] 
i ] 
where V~ - the tangential velocity (m/s) of a voxel within 
the vortex, and m = the mass (kg) of the fluid in a voxel 
within the radius of the vortex. The total number of voxels 
(n) within the vortex was determined by a radius versus 
sin a plot that will reveal the size of the vortex (Fig. 6a). 
Study of repeatability. To determine the degree of repeat- 
ability of the magnetic resonance phase technique for veloci U 
measurements, the entire magnetic resonance investigation 
was repeated twice in 8 of the 26 volunteers. The volunteers 
were removed from the magnetic resonance scanner between 
the measurements, and the long-axis plane of the heart was 
selected by one observer without using the information from 
the previous measurement. The angulation of the scanning 
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Figure 6. a, Sin a plotted as a function of the radius R. Mean values 
and ranges are shown (vertical bars). The vortex radius R v is indicated 
by the dashed line. b, Angular velocity ~o plotted as a function of the 
radius R. Mean values and standard deviations are shown (vertical 
bars). The average angular velocity within the central core (c) of the 
vortex is indicated. 
plane and subsequent data analysis were performed in a 
blinded manner. 
Statistical analysis. Repeatability for each of the velocity 
variables measured by magnetic resonance was tested by 
calculating the mean and standard eviation of the differences 
between the two repeat measurements according to the 
method described by Bland and Altman (15). Assuming that 
the differences are normally distributed, we expect 95% of 
differences to be <2 SD. 
A paired t test was used to determine whether the peak 
mitral flow velocity and in-plane and out-of-plane angles of the 
velocity vectors at early and late diastole were significantly 
different at the level of the mitral annulus from those at the 
level of the mitral leaflets within each subject. This was also 
used to compare the in-plane and out-of-plane angles of the 
mitral flow velocity vectors at early and late diastole. Further- 
more, a two-way analysis of variance (ANOVA) was used to 
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Table l. Mitral, Aortic and Pulmona U Venous Peak Velocities From All Normal Subjects* 
Patient Data 
Aortic Annulus 
Mitral Annulus Mitral Leaflet Pulmonary Venous Flow Age Heart Rate Peak Velocity 
(yr)  (beats/min) E (m/s) A (m/'s) E (m/s) A (m/'s) (m/s) S (m/s) D (m/s) AR (m/s) 
Mean value 25.4 66.4 {!.64~ 0.275 0.76I 0.35} 1.32 0.41 0.44 0.21 
S D 2.46 7.7 {). 11 0./)7 0.16 0.08 0.28 0.14 0.17 0.07 
Range 21 31) 53 84 0.45-0.82 0.18-0.44 0.44-1.13 0.19 0.46 0.81-1.84 0.21-0.78 0.23-0.6 0.13-0.29 
*Velocities are calculated from three-dimensional m gnetic resonance phase velocity data. The mitral inflow velocity., which is composed of an early (E) diastolic 
filling and atrial (A) filling velocity., is recorded from the m itral annulus and leaflet tips. The pulmonary, venous flow shows apeak systolic flow velocity (S), peak diastolic 
flow velocity (D) and peak atrial reverse flow velocity (AR). The peak atrial reverse flow velocity istabulated aspositive, tMitral peak early diastolic velocity (E velocity) 
increased atlevel of mitral leaflets compared with that at mitral annulus (ttest, p < 0.01 ). }Mitral peak late diastolic velocity (A velocity) increased at level of mitral 
leaflets compared with that at mitral annulus (ttest. p < 0.05). 
investigate whether the velocity distribution across the mitral 
and aortic valves was uniform or skewed. The two-way classi- 
fication was made such that the data were classified by subject 
and by location across the mitral and aortic valves; p < 0.05 
was considered statistically significant. 
Resu l ts  
Peak velocities. The peak mitral, aortic and pulmonary 
venous blood velocities from all subjects are displayed in Table 
1, together with heart rate and age. The velocities were 
calculated from the three-dimensional magnetic resonance 
phase velocity data within one voxel according to equation 2. 
Using a paired t test we found that the peak E velocity (p < 
0.01) and peak A velocity (p < 0.05) at the level of the mitral 
leaflet tips were significantly greater than that at the mitral 
annulus. The signal-to-noise ratio of the velocity measure- 
ments were 37.0 _+ 2.19 dB (mean + SD) for systolic flow and 
37.8 _+ 2.2 dB for diastolic flow according to equation 1. 
Anterior vortex. An example of sin a plotted against he 
radius vector R from a region of interest is shown in Figure 6a. 
From this plot it was possible to determine the radius Rv of the 
anterior vortex inasmuch as the definition of vortex motion in 
this study was that the average sin c~ should be >0.7 (i.e.. 
135 ° > a > 45°). It can be seen from the plot that beyond R~, 
the flow vectors are both positive and negative compared with 
the flow vectors within the vortex, which all show a positive, 
counterclockwise rotation. The angular velocity w plotted as a 
function of the radius vector R is shown in Figure 6b. The plot 
shows considerable scatter of the data, but the average angular 
velocity was constant within the central core of the vortex, 
Table 2. Vortex Radius, Average Angular Velocity Within the 
Central Core and Maximal Kinetic Energy' of the Anterior Vortex 
During the Deceleration of Early Diastolic Inflow 
Angular 
Vortex Velocity Kinetic 
Radius (cm) (radians/s) Energy (J) 
Mean value 1.62 30.08 4.3 × 10 4 
SD [I.24 9.98 7.1 × 10 ; 
and a decay was observed outside the core. The vortex 
radius Rv, the average angular velocity ~o within the central 
core and the maximal kinetic energy E k of the vortex are 
displayed in Table 2. 
Study of repeatability. The repeatability coetficients (which 
according to the British Standards Institution [16] are defined 
as 2 SD of differences) for the repeat measurements of peak 
velocities in different locations of the left ventricle in eight 
subjects are presented in Table 3. The repeatability was best at 
the mitral annulus and aortic annulus, and less repeatable 
results were obtained at the location of the mitra[ leaflet ips. 
Two-dimensional vector plots. Sequential two-dimensional 
vector plots from a normal subject hat represent a typical flow 
pattern from the study group are shown in Figure 7. The times 
in the cardiac cycles at which the vector flow maps are shown 
are indicated in the time-velocity curves recorded from the 
mitral and aortic valves and from the pulmonary venous flow 
shown in Figure 8. In Figure 8 the motion of the mitral annulus 
is indicated by arrows in relation to the flow velocity wave- 
forms. The time-velocity plots shown in Figure 8 are calculated 
from the two in-plane velocities inasmuch as the direction of 
flow is defined as positive for mitral inflow and negative for the 
left ventricular outflow. This is to simplify the interpretation f 
the flow direction. 
The first frame recorded 8 ms after the R wave on the ECG 
shows the closure of the mitral valve, which was associated with 
Table 3. Two Standard Deviations for Differences in Peak 
Velocities at Different Locations in Repeat Measurements 
in Eight Subjects 
Peak Velocity 
1,ocation (m/s) 
Mitral annulus 
E velocity 0.08 
A velocity 0.l 
Mitral eaflets 
E velocity 0.2 
A velocity 0.2 
Aortic annulus 0.2 
Anterior vortex 0.24 
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a small closing volume toward the left atrium (Fig. 7a). This 
closing volume was present during only one heart phase, 
for -30  ms. A small counterclockwise vortex was created at the 
tips of the mitral leaflets by the closing motion of the anterior 
mitral leaflet. During the isovolumetric ventricular contrac- 
tion, the vortex at the mitral eaflets was still present, exhibiting 
a swirling motion within the left vcntricular chamber (Fig. 7b). 
The systolic outflow was strictly unidirectional with flow 
converging toward the left ventricular outflow tract from the 
Figure 7. Two-dimensional visualization of blood velocity vectors in 
the long-axis plane of the left ventricle of a normal volunteer. A unit 
size vector corresponding to 1 m/s is shown at the upper left of the first 
vector plot. The vector plots are shown at various times after the R 
wave on the electrocardiogram, 
entire left ventricular chamber. The time from the R wave in 
the ECG to the peak outflow velocity was 137 2 19 ms (Fig. 
7c). During the active contraction of the left ventricle, the 
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Figure 7. continued 
mitral annulus descended (i.e., moved toward the ventricular 
apex). The onset of mitral annulus descent coincided with the 
ventricular emptying and forward systolic pulmona~ venous 
flow (Fig. 8, arrow 1). After peak systole, the flow in the aorta 
decelerated (Fig. 7d). No systolic regurgitation through the 
mitral valve was observed in any of the subjects. Finally, at the 
time of aortic valve closure, a small closing volume toward the 
ventricle concomitant with the valve closure created a small 
vortex in the left ventricular chamber (Fig. 7e). Consequently, 
a small positive velocity across the aortic annulus was disclosed 
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Figure 8. Time-velocity plots of corresponding pulmonary, venous 
flow (PVF), mitral inflow (MiF) and aortic outflow (AoF) together 
with mitral annulus motion from a normal subject. The pulmonary." 
venous flow shows a peak systolic flow velocity (S), peak diastolic flow 
velocity (D) and peak atrial reverse flow velocity (AR). The mitral 
inflow velocity is composed of an early (E) diastolic filling and atrial 
(A) filling velocity. The dotted lines on the velocity' plots correspond to 
the times in the cardiac ycle where the vector plots in Figure 7 are 
shown. Arrow 1 - onset of mitral annulus descent at ventricular 
contraction; arrow 2 = end of mitral annulus descent caused by ven- 
tricular contraction; arrow 3 = onset of mitral annulus recoil 
from ventricular elaxation; arrow 4 = end of mitral annulus re- 
coil from ventricular relaxation. 
on the time-velocity waveform coincident with the end of 
mitral annulus descent (Fig. 8, arrow 2). 
During the isovolumetric relaxation, virtually no flow was 
disclosed within the left ventricular chamber; however, flow in 
the left atrium was directed toward the mitral valve (Fig. 7 0. 
The early diastolic filling of the left ventricle showed a rapid 
acceleration (Fig. 7g) toward peak E velocity, which occurred 
514 + 45 ms after the R wave on the ECG with a wide opening 
of the mitral leaflets (Fig. 7h). At the onset of the early 
ventricular filling phase, the mitral annulus started to recoil 
from the posterior-apical position at systole to its more basal 
starting position. The onset of mitral annulus recoil coincided 
with the onset of the diastolic pulmonary venous flow and the 
transmitral flow (Fig. 8, arrow 3). The peak E velocity occurred 
before the end of recoil, whereas the peak diastolic pulmonary 
venous flow velocity (D) occurred after the end of recoil (Fig. 
8, arrow 4). The mitral inflow reached the apex of the heart. 
Then the anterior mitral leaflet, from an open position after 
hitting the septum wall with the tip of the leaflet, moved very 
rapidly toward semiclosure. This created a large anterior 
vortex behind the leaflet (Fig. 7i), and the vortex traveled 
behind the anterior leaflet, when the leaflet moved toward a 
semiclosed position during the mid-diastolic period (Fig. 7j). 
The anterior vortex, which showed a counterclockwise rota- 
tion, consequently developed uring the deceleration of the E 
wave and caused the mitral inflow vector during the decelera- 
tion phase of the E wave to be angled more toward the 
posterior ventricular wall. The peak velocity of the anterior 
vortex at the septal wall developed 587 _+ 49 ms after the R 
wave, which was 78 ± 19 ms away from the peak E velocity. 
The posterior mitral leaflet caused a small region of flow 
separation behind the leaflet at the posterior ventricular wall 
with flow directed opposite to the mitral inflow (Fig. 7j). The 
mitral leaflets were in a semiclosed position during the mid- 
diastolic period, and virtually no inflow was observed (Fig. 7k). 
The start of atrial systole caused a late diastolic filling wave 
(Fig. 71). During the late diastolic filling, the flow in the 
pulmonary vein was reversed (Fig. 8, AR). The peak A velocity 
occurred 837 -+ 94 ms from the R wave. This was followed by 
final closure of the mitral valve. 
Three-dimensional velocity data. The blood velocity vec- 
tors for all subjects across the mitral and aortic valves were 
transformed into spherical coordinates (Table 4). 
Aortic annulus. The velocity distribution across the aortic 
annulus diameter during peak systole was uniform but with 
slightly increased velocities at the septal vessel wall and center 
of the vessel compared with those at the posterior vessel wall 
(two-way ANOVA, p < 0.005). The out-of-plane angle ~b was 
close to 0 ° at all three spatial locations across the aortic 
annulus. However, there was a gradual deviation of the outflow 
vector toward the lateral vessel wall from the septal to the 
posterior vessel wall (two-way ANOVA, p < 0.005). The 
in-plane angle 0 indicated that the peak outflow vector was 
aligned along the long axis of the aorta in the posterior to 
septal diameter, and there was no dependence on the location 
within the aorta (two-way ANOVA, p > 0.05). 
Statistical comparison between mitral inflow vector at mitral 
annulus and leaflet ips. The peak E velocity at the level of the 
mitral leaflets was significantly increased over that at the mitral 
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Figure 9. a, Time-velocity plots of 
corresponding mitral flow velocity 
and flow velocity at the edge of the o.s 
anterior vortex together with ante- o.4 
rior mitral leaflet motion from nor- 0.3 
0.2 
real subject. The time between .~'-~ o.t 
frames is 30 ms. E = early diastolic o~ o 
mitral inflow; A = mitral flow from :~-- -o.1 
-0.2 atrial contraction. Arrow 1 = onset -0.3 
of mid-diastolic losing motion of -o.a 
anterior mitral eaflet; arrow 2 = end -05 
of mid-diastolic losing motion of -o,6 
anterior mitral leaflet; arrow 3 = Anterior 
leaflet 
final valve closure, b, Long-axis view" motion 
of the left ventricle showing the lo- 
cations of the voxels for the mitral 
inflow and anterior vortex. 
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annulus for the posterior and center locations across the mitral 
valve (t test, p < 0.01), but the difference was not significant for 
the most anterior location (t test, p > 0.05). The most posterior 
location at the mitral leaflets was the only one to show a 
significant increase in peak A velocity over that at the mitral 
annulus (t test, p < 0.05). There were no significant differences 
between any of the in-plane and out-of-plane angles obtained 
at peak E velocity compared with peak A velocity within the 
same subject and same axial level of the mitral valve (t test, p > 
0.05). 
Velocity distribution at mitral annulus. The velocity distribu- 
tion across the mitral valve at the level of the annulus during 
peak E wave and A wave was rather uniform, with no 
difference in peak velocity across the anterior to posterior 
diameter (two-way ANOVA, p > 0.05). The out-of-plane angle 
4, was close to 0 ° at all three spatial ocations across the mitral 
annulus. However, from the posterior to anterior locations of 
the mitral valve, there was a gradual deviation of the outflow 
vector toward the lateral free wall (two-way ANOVA, p < 
0.05). The in-plane angle 0 indicated that the peak inflow 
vector during the E wave and A wave was directed posteriorly 
from the annulus, and there was no dependence on the spatial 
location (two-way ANOVA, p > 0.05). 
VelociOt distribution at mitral eaflet ips. The velocity distri- 
bution across the mitral valve at the level of the leaflet tips 
during peak E wave and A wave showed a slight skewness, with 
the highest peak velocity at the posterior location of the mitral 
valve (two-way ANOVA, p < 0.005). The out-of-plane angle a5 
was close to 0 ° at all three spatial ocations across the posterior 
to anterior diameter of the mitral leaflet tips. However, as for 
the mitral annulus, there was a gradual deviation of the inflow 
vector toward the lateral free wall from the posterior to 
anterior locations of the mitral valve (two-way ANOVA, p < 
0.05). The in-plane angle during peak E velocity showed a 
deviation toward the posterior ventricular wall that was signif- 
icantly higher for the posterior than the anterior location 
across the mitral valve (two-way ANOVA, p < 0.01). 
Relation among mitral inflow velocity, anterior vortex 
velocity and anterior mitral leaflet. Time-velocity plots of the 
mitral inflow velocity and anterior vortex velocity in a given 
area are shown in Figure 9 together with the motion of the 
anterior mitral leaflet, which is indicated by arrows in relation 
to the flow velocity waveforms (the example is from the same 
volunteer as in Fig. 7 and 8). The locations of the voxel 
velocities for the mitral inflow and anterior vortex are indi- 
cated in Figure 9b. The direction of flow is defined as positive 
for mitral inflow and negative for the left ventricular outflow. 
The peak E velocity is seen to occur before the peak velocity of 
the anterior vortex. The onset of mid-diastolic mitral valve 
semiclosure precedes the peak E velocity, which is followed by 
development of the anterior vortex (Fig. 9a, arrow 1). During 
mid-diastolic diastasis, after mid-diastolic leaflet closure, both 
the mitral inflow velocity and anterior vortex velocity de- 
creased (Fig. 9a, arrow 2). During atrial systole both the mitral 
inflow and the anterior vortex reaccelerated. Finally, at the 
time of mitral valve closure, the vortex reappeared (Fig. 9a, 
arrow 3). 
Discuss ion  
Anterior vortex in left ventricle. Our results show that an 
anterior vortex developed immediately after the onset of 
mid-diastolic anterior leaflet closure and reappeared at the 
time of final mitral valve closure. Thus, it seems that the 
motion of the anterior mitral leaflet during mid-diastolic 
semiclosure and at final valve closure promotes the develop- 
ment of ventricular vortices. We therefore propose the follow- 
ing mechanism for the vortex formation. When the anterior 
leaflet moves toward mid-diastolic semiclosure during ventric- 
ular filling, the valve is brought into the appropriate position 
for shear to occur between the blood and the leaflet surface. 
The shearing action creates a vortex, and the inward motion of 
the anterior leaflet creates a low pressure region or wake 
behind it. Thus, the vortex flows into this low pressure region 
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and, under the action of viscosity and with the continuous 
ventricular filling, expands to fill the anterior part of the 
ventricle. 
The rotational characteristics of the vortex were investi- 
gated; for the central core of the vortex, the average angular 
velocity o) was constant, while outside of the core ~o showed a 
decay. This is a characteristic of a combined vortex, which in 
fluid dynamic terms is one with a forced vortex as a central core 
and a velocity distribution corresponding to that of a free 
vortex outside the core. 
The importance of the ventricular vortices for mitral valve 
closure is a matter of controversy. Bellhouse (2) considered the 
ventricular vortices to play an important part in the closure 
mechanism of the natural mitral valve, causing early partial 
valve closure. However, Reul et al. (4), in a more recent in 
vitro study, showed that mitral valve closure without regurgi- 
tation was possible without he formation of vortices. Instead, 
they focused on the influence of a strong adverse pressure 
gradient caused by ventricular contraction. 
From our observations it seems that the anterior vortex 
might contribute during the partial closure of the mitral 
leaflets at mid-diastole in keeping the leaflets in close apposi- 
tion until the atrial systole causes a smaller eopening of the 
valve. 
Another beneficial role of the diastolic vortex that has been 
suggested is that the vortex could store kinetic energy during 
diastole and then release the energy during the systolic ejection 
(2). This hypothesis  not valid from our data inasmuch as the 
maximal kinetic energy of the vortex within the selected 
long-axis plane during early diastole was 4.3 × 10 4 _+ 7 × 
1.10 5 j (mean _+ SD), which is insignificant compared with 
the total stroke work output of the left ventricle, -1 J/beat. 
This is true even if the total kinetic energy within the entire left 
ventricle is approximated to be four to five times greater than 
the values we found for the single long-axis plane. Further- 
more, we found that the vortex had lost most of its energy at 
isovolumetric contraction just before ventricular systole. 
Mitral annulus motion. The normal pattern of the mitral 
annulus motion (descent during systole and recoil at early 
diastole) has previously been reported from echocardiograms 
(17,18). Also, its relation to the left atrial and ventricular filling 
has been studied previously by echocardiography in normal 
subjects (17). Our observations are in close agreement to the 
results of these studies. The systolic anterograde pulmonary 
venous flow occurred uring the ventricular ejection, concom- 
itant with the descent of the mitral annulus toward the 
ventricular apex. The recoil of the mitral annulus was coinci- 
dent with the onset of transmitral filling and the diastolic 
forward pulmonary venous flow. 
Study of repeatability. The results from the three- 
dimensional velocity data showed a high degree of repeatability 
with regard to peak velocities across the aortic and mitral valves 
during systole and diastole, respectively. The repeatability atthe 
level of the mitral eaflets was not as good as it was at the mitral 
annulus. This is because the mitral annulus is more clearly defined 
on the anatomic modulus image than the mitral leaflets and 
therefore asier to reproduce. In addition, it was found that the 
greatest variation between repeat measurements was during atrial 
systole. This can be explained by the physiologic heart rate 
variability during the measurement, which will cause a larger 
variation of the late diastolic velocities. 
Reference intervals for peak velocities. The reference in- 
tervals in our study for peak velocities across the mitral and 
aortic valves and for the pulmonary venous flow are consistent 
with normal reference intervals recorded by pulsed Doppler 
echocardiography (19,20). Furthermore, our own study (21) 
and another in vivo study (22) comparing magnetic resonance 
velocity mapping and pulsed Doppler ultrasound showed a 
good agreement in assessment of intracardiac blood velocity. 
Comparison between mitral inflow velocity at mitral annu- 
lus and leaflet tips. We found, as expected, that both the peak 
E velocity and A velocity were higher at the leaflet ips than at 
the mitral annulus. This difference in diastolic filling velocities 
is caused by the differences in the cross-sectional rea of the 
mitral inflow orifice at these two locations. Because all of the 
blood that passes through the annulus also passes the leaflet 
tips, then, by continuity, the velocity must be higher at the 
leaflet ips because the area is less. 
Some ultrasound Doppler studies have confirmed our ob- 
servation that the peak velocities during early and late diastole 
are higher at the level of the leaflet ips, compared with values 
on the atrial side of the mitral valve (23-25), but other 
investigators failed to show the same difference for the atrial 
peak velocity (26). 
Velocity distribution at the aortic annulus. The velocity 
distribution i  the aortic annulus in normal subjects was found 
to be slightly skewed, with the highest velocities toward the 
septum. This finding is in accord with a previous tudy using 
the color Doppler technique (27). The most likely explanation 
for this skewed velocity profile is that the left ventricular outflow 
tract is angulated relative to the ventricular chamber, forming a 
curved tube with the minor curvature anterior and to the fight 
along the septum. According to fluid dynamic theory, the highest 
velocities at the inlet portion of a curved pipe will be toward the 
inner curvature (28), that is, at the septal vessel wall. 
Velocity distribution at the mitral valve. Previous tudies 
of the mitral velocity profile have been conducted indogs (29). 
The investigators eported a flat velocity profile at the level of 
the mitral annulus and a skewed profile at the leaflet ips with 
the highest velocities near the anterior mitral leaflet. Samstad 
et al. (30), using the color Doppler technique, reported a 
variably skewed mitral velocity profile in humans during the 
early phase of mitral flow at both the annulus and leaflet ips. 
In our study we found a uniform velocity distribution across 
the anterior to posterior diameter at the mitral annulus, 
whereas the velocity distribution at the mitral leaflets was 
slightly skewed, with the highest velocities near the posterior 
leaflet. 
The velocity profile through the mitral orifice will initially 
be a flat, undeveloped profile; however, when the blood enters 
the ventricular cavity, the surrounding fluid is brought into 
motion and will cause a nonuniform profile. Thus, the lower 
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velocities near the anterior leaflet are a consequence of the 
counterflow from the anterior vortex, which has an opposite 
direction to the inflow. The mitral inflow vector at peak E 
velocity and peak A velocity showed a slight deviation from the 
mitral annulus plane toward the posterior-lateral ventricular 
wall at the levels of both the mitral annulus and the leaflet ips. 
This is because the anterior mitral leaflet represents an 
obstruction for the mitral inflow that directs the inflow to the 
posterolateral ventricular wall, an explanation that is sup- 
ported by our observations that the anterior mitral leaflet 
exhibits middiastolic losure before the peak E velocity is 
reached. Thus, the leaflet will be at an angle to the mitral 
inflow at peak E velocity, and because the anterior mitral 
leaflet during late diastolic filling does not open fully, the 
mitral inflow will also be at an angle to the leaflet at peak A 
velocity. 
Limitations of the study. A limitation of this study is the 
lack of invasive hemodynamic correlation with the ventricular 
velocity patterns and valvular motion. Thc use of animal 
models and catheterization would be a possible way to obtain 
such data. 
The accuracy of quantitative flow measurement bythe MRI 
phase technique depends on the suppression of artifacts (31). 
Thus, the velocity maps were corrected for nonvelocity-related 
linear phasc errors resulting from eddy currents in the mag- 
netic field. In addition, masking of random noise was done in 
the stationary, tissue. Irregular cardiac rhythms and respiratory 
motion are other important sources of artifacts that can 
degrade the image quality. Both arrhythmia rejection software 
and facilities for respiratory triggering are available but will 
increase the imaging time, which is not desirable. In the future 
these artifacts may effectively be reduced by combining faster 
imaging techniques uch as spiral phase contrast sequences 
(32) with breath-hold schemes. The complex motion of the 
heart, and especially the through-plane motion, will affect the 
imaging of the left ventricular long axis because the selected 
slice was stationary throughout he cardiac cycle. A possible 
way to avoid the influence of through-plane motion would be 
to use a slice-following technique (33), which would allow the 
selected slice to follow the heart motion. To assess the 
accuracy of the magnetic resonance flow measurements, we 
chose to make a comparison of the magnetic resonance 
velocity measurements to pulsed Doppler measurements re- 
garding the peak aortic systolic and peak early and late 
diastolic velocities and found a good agreement except for the 
late peak diastolic velocity, which was underestimated by 
magnetic resonance velocity mapping compared with pulsed 
Doppler ultrasound (21). This can be ascribed to the long 
measurement time, which makes accurate registration of the 
late diastolic flow velocity difficult because of physiologic heart 
rate variability during the measurement. 
The imaging of the heart, and especially the mitral valve 
apparatus, was greatly facilitated by dynamic omputer anima- 
tion of the vector flow maps because the mitral leaflets 
especially are otherwise often difficult to delineate on gradient- 
echo images. Thus, the dynamic display of the images made it 
possible to interpret he dynamics of blood flow and cardiac 
motion. 
Conclusions. To our knowledge, the present study has 
provided the first detailed and quantitative description of the 
blood flow patterns in the normal human left ventricle. The 
presence of a large counterclockwise diastolic vortex inside the 
human left ventricle was confirmed. This vortex was created 
shortly after the onset of the middiastolic semiclosure of the 
anterior mitral leaflet, and its temporal relation to the motion 
of the anterior mitral leaflet was demonstrated. This finding 
constitutes a possible mechanism for the development of the 
left ventricular anterior vortex. Further studies of vortex 
formation using this three-dimensional velocity-mapping tech- 
nique should provide useful information about ventricular 
filling and mitral valve motion in a variety of cardiac disorders. 
We thank Ken Kragsfeldt for assistance in preparation f the illustrations. 
Appendix 
Quantification of Vortex Motion From 
Three-Dimensional Velocity Mapping 
From the magnetic resonance velocity-mapping data we can deduce 
the extent of the vortex and the angular velocity as a function of the 
distance from the center of the vortex. The center point for the vortex 
has to be defined manually in this approach. 
It is later shown that a vortex motion can be described within the 
selected plane. First, we have to approximate he plane in which the 
vortex motion occurs. For pure circular motion we have 
n=r×v,  
where n is the normal vector to the plane that r and v are defining; n 
uniquely defines the plane in which the rotation takes place. Because 
the measured magnetic resonance data are noisy and we are not 
dealing with pure circular motion, the calculated n vectors will vary 
over the velocity field of interest. We can find the plane in which the 
rotation takes place by averaging the calculated normal vectors in the 
area of interest. First, we normalize ach normal vector (by calculating 
n~ = n/tnl), and then we find the normalized mean value N, namely, 
~in i  
N = Z i  ni , 
where the summation over i is over the voxels of interest. 
From this vector we can find the new values of r and v because the 
radii and velocities in this tilted plane are different from the radii and 
velocities measured in our chosen measurement plane. This transfor- 
mation is valid as long as the tilted plane is within the measured 
volume. If the calculations show that the tilted plane reaches outside 
the voxels for large radii, this transformation will only be an approxi- 
mation. We find the new radii and velocities in the tilted plane by 
simple projection: 
vp-v (v'N)'N, 
rp = r - k. (rxn× + ryny)/n~, 
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where r is defined to lie in the x-y plane (Fig 5A), so r = (r X, ry, 0). 
Further, N - (n~, ny, n~), and k (0, 0, 1). These equations can be 
expressed in words: The new velocity vector is found by calculating the 
component of the measured velocity that lies in the tilted plane (thus, 
Ivl is getting smaller), and thc radii are found by projection of the 
radius vector from the measuring plane into the tilted plane (thus, the 
radii in the tilted plane are larger). 
From these quantities we can find the angle between the radii and 
velocity vector as follows (because rp and % are both lying in the tilted 
plane, that is, rp.N = 0, and vv.N 0): 
(r~, x %] 
sin c~ : k irill vpi / . N, 
where a is the angle between r n and vp. If the vortex had a pure circular 
motion, sin a - _+1. The actual sign will depend on the direction of 
motion (clockwise or counterclockwise with respect to the tilted 
plane). A plot of sin a versus the radius from the center will show 
whether we are dealing with a simple circular vortex: The values of 
Isin al should then be close to I. 
From the transformed values we can also find the angular velocity 
of the vortex (the rotation of an element about the center of the 
vortex) as a function of the radius. The definition of angular velocity 
for simple rotational motkm is: 
(O vir.  
In practice, the rotational axis for the different voxels within the 
region of interest showed some scatter (sin c~ ¢ -+1); thus, we 
calculated the angular velocity around the axis defined from the tilted 
plane by projecting the velocities onto the normals of the radii in the 
tilted plane: 
Ivl /rl, X ~>' 
=lr is in~x=~ ] 'N.  , [,p2 l 
The sign of ~o will depcnd on thc direction of rotation. 
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